Abstract-The morphology and velocity of the pulse wave in the arteries provide meaningful information about the cardiovascular system. Nowadays, the pulse wave is usually acquired using common blood pressure cuffs at the extremities. This work describes a new measurement device which detects changes in bioimpedance due to the pulse wave. The system is able to measure up to 1000 bioimpedances per second with a resolution of 24 bits. For comparison purposes, an additional synchronized Photoplethysmography circuit is implemented. Initial measurements proved that the system is able to acquire the pulse wave at the forearm.
I. INTRODUCTION
Pulse wave analysis has proven to be an important factor in determining arterial stiffness [1] , [2] , [3] . Common systems used to acquire the pulse wave are based upon pressure measurements taken at the subject's extremities [4] . This strategy, however, is unable to record prolonged measurements and can cause discomfort to the subject. This paper describes a non-invasive bioimpedance measurement system capable of quantizing a pulse wave at 1000 bioimpedances per second with a resolution of up to 24 bits. The method is painless and has no known hazards.
II. SYSTEM DESIGN
The block diagram of the developed measurement system is shown in Figure 1 . The microcontroller (32 Bit, f clk =120 MHz, SAM4S16C from Atmel) pictured generates a 50 kHz sinusoid and converts it into an analog voltage signal with the internal DAC (Digital to Analog Converter). In order to remove the DC offset and harmonics of the signal, a reconstruction filter (low pass, Multiple Feedback, 4th order, Butterworth, f c =100 kHz) and a high pass filter (1st order, f c =1.3 kHz) are implemented back-to-back. The filtered analog voltage signal then passes through a VCCS (Voltage Controlled Current Source, Howland topology), realized by an OPAMP (Operational Amplifier, OPA211 from Texas Instruments), producing a current signal with a current limitation of I max =1 mA, which is in compliance with the IEC60601-1. Two electrodes (Z E ) inject the current signal into the subject's tissue (Z tissue ) while two additional electrodes (Z E ) measure the voltage drop across the tissue.
The differential voltages over the tissue impedance and a shunt resistor are amplified by an INA (Instrumentation Amplifier, INA128 from Texas Instruments). Afterwards, the two signals are rectified using a multiplier IC (Integrated Circuit, MPY634 from Texas Instruments) in a squaring configuration. Once squared, the signals are filtered by an active 4th order low pass filter (Multiple Feedback, Butterworth, f c =30 Hz) and then digitized by a 6 channel 24 bit ADC (Analog to Digital Converter, ADS131E06 from Texas Instruments) at 1000 samples per second. The output of a PPG (Photoplethysmography) circuit is also synchronously digitized. This allows an optical detection of the pulse wave for comparison purposes [5] . The microcontroller receives the measurement data from the ADCs and sends it via a USB (Universal Serial Bus) interface to a PC to calculate the impedance magnitude and for further digital signal processing. It also provides a real time GUI (Graphical User Interface). The measurement system can be powered by a medical power supply or a 3.7 V lithium-ion battery. A photograph of the system is shown in Figure 2 . The PCB's dimensions are 117 mm x 71 mm and it contains about 300 components. The layout consists of four conductive layers. 
III. RESULTS
To verify the realization of the method, first measurements on the forearm of a young, healthy male subject were executed. The distance between the voltage electrodes was 10 cm. A PPG sensor was attached in between to achieve a second, independent source of information about the blood pulsation. The bioimpedance excitation signal was an AC current of 1 mA with a frequency of 50 kHz. After acquiring the raw data, a digital filter (IIR, 2nd order, f C =10 Hz), implemented in The Mathworks MATLAB, was used to remove the noise from the impedance and the PPG signal. Figure 3 The Z axis indicates the bioimpedance and the PPG in Ohms and arbitrary units respectively. It can be seen, that the change in impedance is in a range of ≈40 mΩ with every heart beat. The morphology of the PPG signal and the impedance signal look quite similar, whereat the impedance signal seems to contain additional higher frequency components.
IV. SUMMARY AND OUTLOOK
The results produced by this device confirm that the developed bioimpedance measurement system can be used to effectively detect the pulse wave. First measurements proved that the arrival of the pulse wave as well as its morphology can be acquired. In future research the device has to be tested on different subjects and the influence of motion artifacts has to be analyzed.
